Introduction {#sec1}
============

In developed countries, age-related macular degeneration is recognized as the leading cause of visual deterioration in patients older than 50 years.[@bib1] Exudative age-related macular degeneration, a subtype of age-related macular degeneration, is caused by the neovascularization of the macular area; thus anti-vascular endothelial growth factor (anti-VEGF) therapies, such as ranibizumab (Lucentis; Genentech, Inc., San Francisco, CA), bevacizumab (Avastin; Genentech, Inc.), and aflibercept (EYLEA; Regeneron, Inc., Tarrytown, NY; and Bayer Healthcare Pharmaceuticals, Berlin, Germany), are the most common treatments.[@bib2] Moreover, anti-VEGF drugs have been used to treat diabetic macular edema and macular edema accompanied by retinal vein occlusion.[@bib3]^--^[@bib5] The anti-VEGF drugs, bevacizumab, and ranibizumab are produced as humanized monoclonal antibodies, whole IgG (149 kDa), and antigen-binding fragments (Fab) (48.39 kDa), respectively.[@bib6] Previous studies have investigated the intraocular pharmacokinetics (PK) and intravitreal PK properties of administered antibodies in the rabbit model.[@bib7]^--^[@bib9] Our prior study analyzed molecules ranging from 60 Da to 150 kDa in size and developed prediction models of intraocular PK, which propose that molecular properties (primarily molecular weight) are significant in intravitreal PKs.[@bib10] Another study by Hutton-Smith et al.[@bib11] proposed a three-compartment model (aqueous humor, vitreous, and retina) that uses the permeability ratio of the inner limiting membrane (ILM) and retinal pigment epithelium to estimate the molecular concentrations in each compartment.

As discussed elsewhere in this article, numerous investigations regarding intraocular PKs have managed to deal with the biologic antibodies, because the anti-VEGF agents are widely accepted standard treatment options for neovascular retinal diseases.[@bib12]^,^[@bib13] However, the anti-VEGF protein drugs have relatively short intraocular half-lives and, thus, frequent intraocular injections are needed for long-term treatment. Nanoparticles could be a suitable drug delivery system because the intraocular retention time could increase, a variety of drugs or genes could be delivered, and the size and the composition of materials could be controlled. Inokuchi et al.[@bib14] proposed that the fluorescein isothiocyanate (FITC)-conjugated liposomes under 600 nm could be an effective method for intraocular drug delivery to the retinal layer; however, this study was limited to topical administration. Another study by Amrite et al.[@bib15] demonstrated that, in periocular administration, the size of the nanoparticles influenced the efficiency of meeting sufficient doses of the retinal drug. However, only a few studies have focused on the nanoparticles, and their intraocular distribution and kinetics. Sakurai et al.[@bib16] reported that the clearance parameters in the vitreous humor were correlated to the particle diameter when injecting three sizes of nanoparticles (50 nm, 200 nm, and 2 µm) intravitreally in rabbit eyes.

In our study, we investigated the intraocular distribution and kinetics of biologic antibodies (whole IgG and Fab fragments) and four different sizes of nondegradable nanoparticles (25, 50, 200, and 250 nm). Fluorescence microscopic imaging of dissected eyeballs was serially performed at different time points after intravitreal injection, and specific optical densities and concentrations of nanoparticles in the three compartments (aqueous humor, vitreous, and retina) were evaluated because the results of intraocular PKs of anti-VEGF antibodies have been studied extensively.[@bib7]^,^[@bib9]^,^[@bib11]^--^[@bib13]^,^[@bib17]^--^[@bib21] By examining the delivery and clearance mechanism of antibodies and nanoparticles, this study provides a foundation for the further development of nanocarriers for drug administration.

Methods {#sec2}
=======

Preparation of Molecules {#sec2-1}
------------------------

Antibodies with large molecular weights, whole IgG and Fab fragments, were used as substitutes for anti-VEGF intraocular drugs such as bevacizumab and ranibizumab. FITC was conjugated as ChromPure human whole IgG and Fab fragments (JacksonImmuno Research, West Grove, PA) with an excitation wavelength of 492 nm and an emission wavelength of 520 nm.

Four different-sized nanoparticles were used in this study, including the micromer- red F (25 nm) and green F (250 nm) (fluorescent nonbiodegradable polystyrene nanoparticle, micromod Partikeltechnologie GmbH, Rostock, Germany), and the Fluoresbrite yellow-green microspheres (Polysciences, Inc., Warrington, PA) (50 nm and 200 nm). The micromer-red F has an excitation wavelength of 552 nm and an emission wavelength of 580 nm, and the solution was prepared as a 10 mg/mL (1.2 × 10^14^ particles/mg) aqueous suspension with a concentration of 1.2 × 10^15^ particles/mL. The micromer-green F has an excitation wavelength of 475 nm and an emission wavelength of 510 nm, and the solution was prepared as a 25 mg/mL (1.2 × 10^11^ particles/mg) aqueous suspension with a concentration of 3.0 × 10^12^ particles/mL. The Fluoresbrite yellow-green microspheres have an excitation wavelength of 490 nm and an emission wavelength of 525 nm, which is similar to FITC. The 50 nm solution was a 2.5% aqueous suspension with a concentration of 3.64 × 10^14^ particles/mL, and the 200 nm solution had a concentration of 5.68 × 10^14^ particles/mL. We prepared a 10-fold diluted solution of 50 nm and a 100-fold diluted solution of 200 nm for intravitreal injection for the prevention of nanoparticle aggregation in the vitreous, based on performing the serial dilutions of 1/2, 1/5, 1/10, 1/20, 1/50, 1/100, 1/200, 1/500, 1/1000, 1/2000, 1/5000, and 1/10000 of the original aqueous suspension. All four nanoparticles are negatively charged and spherically shaped with plain, no surface decorations. The characteristics of the various molecules included in this study are summarized in [Table 1.](#tbl1){ref-type="table"}

###### 

Characteristics of the Various Molecules for the Experimental Model

  Molecules                          Size      Excitation Wavelength   Emission Wavelength  Solution Concentration
  ------------------------------- ----------- ----------------------- --------------------- ----------------------------
  Antibodies (FITC-conjugated)                                                              
   Whole IgG                        149 kDa           492 nm                 520 nm         
   Fab fragments                   48.39 kDa                                                
  Nanoparticles                                                                             
   Micromer-red F                    25 nm            552 nm                 580 nm         1.2 × 10^15^ particles/mL
   Micromer-green F                 250 nm            475 nm                 510 nm         3.0 × 10^12^ particles/mL
   Fluoresbrite YG microspheres      50 nm            490 nm                 525 nm         3.64 × 10^14^ particles/mL
   Fluoresbrite YG microspheres     200 nm                                                  5.68 × 10^14^ particles/mL

YG, yellow-green.

Procedures of the Animal Experiment {#sec2-2}
-----------------------------------

Approval was obtained from the Seoul National University Bundang Hospital Institutional Animal Care and Use Committee, and the animal experiments were conducted adhering to the guidelines from the Association for Research in Vision and Ophthalmology for animal use in research. All the experimental procedures were similar to our previous PK studies using animal models.[@bib17]^,^[@bib18]^,^[@bib20]^--^[@bib22] In brief, we anesthetized rabbits with 15 mg/kg tiletamine hydrochloride/zolazepam hydrochloride (Zoletil, Virbac laboratories, Carros Cedex, France) and 5 mg/kg of xylazine hydrochloride (Rompun, Bayer Healthcare, Seoul, Korea). Rabbit eyes were dilated with 0.5% tropicamide and 0.5% phenylephrine hydrochloride eyedrops (Mydrin-P, Santen Pharmaceutical Co., Osaka, Japan), and topical anesthesia was applied with 1% proparacaine hydrochloride eyedrops (Alcaine, Alcon Laboratories, Inc., Fort Worth, TX). Disinfection was performed with 10% povidone-iodine solution on the periocular area and 5% povidone-iodine eyedrops on the conjunctiva. All experimental procedures were conducted aseptically.

A total of 104 right eyes from 104 healthy New Zealand white rabbits weighing 1.5 to 2.0 kg and age of 8 to 10 weeks were used for the study; 20 eyes each for the whole IgG and Fab fragments, 24 eyes for the mixture of 25 nm and 250 nm micromer nanoparticles, and 20 eyes each for the 50 nm and 200 nm Fluoresbrite yellow-green microsphere nanoparticles.

Using a 30-gauge needle, all intravitreal injections were performed 1 to 2 mm behind the superotemporal quadrant of the limbus. Solutions of 0.02 ml FITC-conjugated whole IgG (2.0 mg/mL) and 0.02 mL Fab fragments (2.0 mg/mL), 0.03 mL mixed solution of 25 nm (4.08 × 10^13^ particles) and 250 nm nanoparticles (1.02 × 10^11^ particles), 0.05 mL 50 nm (1.82 × 10^13^ particles), and 0.05 mL 200 nm nanoparticles (2.84 × 10^11^ particles) were injected intravitreally. There was no evidence of ocular inflammation, infection, or other adverse events related to the intravitreal injection.

After the intravitreal injection, right eyes were enucleated at each time point as follows: antibodies (IgG and Fab fragments) at 1 hour, 1 day, 3 days, 10 days, and 25 days; 25 nm and 250 nm micromer nanoparticles at 1 hour, 1 day, 7 days, 14 days, 21 days, and 30 days; and 50 nm and 200 nm Fluoresbrite nanoparticles at 1 hour, 1 day, 7 days, 14 days, and 30 days. In each time point, 4 right eyes per solution group were sacrificed, enucleated, and frozen at --80°C liquefied nitrogen.

Analysis of the Fluorescence Microscopic Imaging and Measurement {#sec2-3}
----------------------------------------------------------------

A cryotome was used for preparing the horizontal cross-section of a frozen eyeball that would be fit for the imaging process. Fluorescence microscopic imaging of enucleated frozen eye samples was performed using a laser scanning confocal system modified for wide-field imaging.[@bib23]^,^[@bib24] Continuous wave laser modules with output wavelengths at 488 nm and 561 nm were used as excitation sources for 25 nm red F and 250 nm green F nanoparticles. Fluorescence emission signals were detected by multi-alkali photocathode photomultiplier tubes (R9110, Hamamatsu, Japan). Green and red fluorescence signals were detected through emission filters with a bandpass at 500 to 550 nm (FF02-525/50, Semrock, Rochester, NY) and 581.5 to 618.5 nm (FF01-600/37, Semrock). Collinearly aligned excitation laser beams were raster-scanned by a rotating polygonal mirror (MC-5, Lincoln Laser, Phoenix, AZ), and a galvanometer-based scanning mirror (6230H, Cambridge Technology, Watertown, MA) and then delivered to the sample via relay optics. The cross-sectional images were developed by multiple wide-field images, and RGB converted color maps of 25 nm (red fluorescent) and 250 nm (green fluorescent) nanoparticles were obtained by the MATLAB image tool.

The frozen aqueous humor, vitreous, and retina were separated from the eyes, and each sample was analyzed for optical density assay. The frozen samples were defrosted and homogenized by an ultrasonicator for 30 seconds at 4°C. The frozen retinas were lysed by CelLytic MT (mammalian tissue) lysis/extraction reagent (10 mL/g of tissue) (Sigma, Saint Louis, MO).[@bib17]^,^[@bib18] The optical density of the four nanoparticles was measured with each specific excitation and emission wavelengths as summarized in [Table 1](#tbl1){ref-type="table"}. The standard curves were calculated using the dilutions of the original aqueous suspension, and we derived the concentration (number of particles per milliliter) data from the optical density, number of particles per milligram, and standard curve.

The concentrations of nanoparticles in the vitreous humor were estimated by one-compartment model. The PK analyses were performed, and the parameters of half-life (in days), apparent clearance (in milliliters per day), and apparent volume of distribution (in milliliters) were calculated and documented in [Table 2](#tbl2){ref-type="table"}.

###### 

Estimated PK Parameters in the Vitreous Humor

  Nanoparticles                     Size    *t* ~1/2~ (days)   CL (mL/d)   V~d~ (mL)
  ------------------------------- -------- ------------------ ----------- -----------
   Micromer-red F                  25 nm         50.94           0.01        1.09
   Micromer-green F                250 nm        78.13           0.01        1.32
   Fluoresbrite YG microspheres    50 nm         48.78           0.02        1.43
   Fluoresbrite YG microspheres    200 nm        66.65           0.02        1.83

CL, apparent clearance; *t*~1/2~, half-life; V~d~, apparent volume of distribution; YG, yellow-green.

Results {#sec3}
=======

Fluorescence Microscopic Imaging {#sec3-1}
--------------------------------

Intraocular distribution microscopic images of the antibodies (whole IgG and Fab fragments) are shown in [Figures 1A](#fig1){ref-type="fig"} and [1B](#fig1){ref-type="fig"}, developed by fluorescence (top) and MATLAB (bottom). One hour after intravitreal injection, the antibodies were distributed around the injection site. After 1 day, the antibodies were dispersed into the intraocular space that is a vitreous cavity and the anterior chamber. A gradual decrease of fluorescence intensity was observed starting from day 1. The fluorescent gradient was observed in the posterior vitreous above the retina, anterior vitreous beside the ciliary body, and anterior chamber ([Fig. 1C](#fig1){ref-type="fig"}). The gradient indicated the directional movement of molecules outward from the center of vitreous cavity. There was no fluorescent gradient at the posterior of the lens indicating no passage. On day 25, there was no detectable fluorescence of both the IgG and Fab fragments, which suggested the clearance and elimination of the injected antibodies.

![Serial images of the intraocular distribution of FITC-conjugated antibodies from 1 hour to 30 days after injection. The black arrows indicate the intravitreal injection site. (*Top*) fluorescence microscopic image. (*Bottom*) Image developed by MATLAB. (A) FITC-conjugated whole IgG. (B) FITC-conjugated Fab fragments. (C) The representative images of the fluorescent gradient 3 days after IgG antibody intravitreal injection. Notice the fluorescent gradient from the center of vitreous to the peripheral vitreous and the ciliary body.](tvst-9-6-20-f001){#fig1}

The intraocular distribution of the 25 nm and 250 nm micromer nanoparticles from 1 hour to 30 days is shown in [Figure 2](#fig2){ref-type="fig"}. According to [Figure 2](#fig2){ref-type="fig"}, after intravitreal injection, the nanoparticles shifted anteriorly inside the vitreous from 1 hour to 1 day, and the fluorescence intensity increased in the aqueous humor until day 1 for 25 nm nanoparticles, and day 7 for 250 nm nanoparticles, and then decreased afterward. Moreover, nanoparticles advanced posteriorly toward the retina from 7 days onward after intravitreal injection and accumulated on the retinal layer, specifically the ILM, even on day 30. In [Figures 3A](#fig3){ref-type="fig"} and [3B](#fig3){ref-type="fig"}, at 14 days after injection, the red and green fluorescent nanoparticles were observed on the inner retinal surface; however, there seems to be no definite penetration into the deeper level of the retinal structures. Then, [Figures 3C](#fig3){ref-type="fig"} to 3H, on 21 days after injection, the 25 nm (red F) nanoparticles passed across the ciliary body and distributed into the uveal tissue reaching posterior choroid, retina, and suprachoroidal space, whereas the 250 nm (green F) nanoparticles did not. This finding indicates the movement of small molecules into the choroid through the uveal tissue, and they could reach the posterior retina including macula through this route. In the vitreous, the nondegradable nanoparticles seemed to be relatively stable, because the fluorescence intensity was uniform over time. Although the protein antibodies, such as IgG and Fab, are known to be smaller than the retinal layer nanopores and they penetrate the retina freely, nanoparticles accumulate on the inner retina, which is supported by previous animal experiments with gold nanoparticles.[@bib25]

![Serial images of the intraocular distribution of 25 nm (*red fluorescent*) and 250 nm (*green fluorescent*) nanoparticles observed at the different time points (1 hour, 1 day, 7 days, 14 days, 21 days, and 30 days) after the intravitreal injection. The RGB images were obtained by using a MATLAB image processing toolbox. After the intravitreal injection highlighted by *white arrows*, anteriorly and posteriorly spreading of nanoparticles were shown over time and maintained in the vitreous and accumulated in the retinal layer. Clearance and elimination after 21 days after injection were observed and in 30 days after injection, nanoparticles remained on the retinal inner surface while large portion of nanoparticles in the vitreous were removed.](tvst-9-6-20-f002){#fig2}

![Confocal microscopic images of the intraocular and retinal distribution of intravitreally injected nanoparticles (25 nm, *red fluorescent*; 250 nm, *green fluorescent*). (A, B) Image taken at 14 days after injection. Nanoparticles spread to the posterior vitreous and accumulated in the retinal layers. (C, D) Images taken at 21 days after injection. The *red nanoparticles* were eliminated through the ciliary body and spread to the uveal tissue and suprachoroidal space. Conversely, green nanoparticles were not observed in the suprachoroidal space. (E--H) Magnified image of the retinal layer of red and green nanoparticles after 21 days after injection. The *white arrows* indicate the red nanoparticles in the choroid, retina, and suprachoroidal space.](tvst-9-6-20-f003){#fig3}

Intraocular Kinetics of Nanoparticles {#sec3-2}
-------------------------------------

The average optical density of fluorescence and the concentration of nanoparticles are summarized in Supplementary data: [Supplementary Table S1](#tvst-9-6-20_s001){ref-type="supplementary-material"} (25 nm micromer), [Supplementary Table S2](#tvst-9-6-20_s001){ref-type="supplementary-material"} (250 nm micromer), [Supplementary Table S3](#tvst-9-6-20_s001){ref-type="supplementary-material"} (50 nm Fluoresbrite), and [Supplementary Table S4](#tvst-9-6-20_s001){ref-type="supplementary-material"} (200 nm Fluoresbrite). Six time points (1 hour, 1 day, 7 days, 14 days, 21 days, and 30 days) were set for 25 nm and 250 nm nanoparticles, and five time points (1 hour, 1 day, 7 days, 14 days, and 30 days) were set for 50 nm and 200 nm nanoparticles, respectively. [Figure 4](#fig4){ref-type="fig"} plots the graphs of the optical densities of the nanoparticles in the vitreous (Fig. 4A and 4B) and percentage ratio of the nanoparticles concentration in the vitreous after intravitreal injection (Fig. 4C), which shows a gradual decrease of nanoparticles according to their molecular sizes. From the data summarized in the supplementary tables, we derived the equations for the postinjection optical densities of various sized nanoparticles ([Fig. 4A](#fig4){ref-type="fig"} and [4B](#fig4){ref-type="fig"}). Larger nanoparticles show relatively retained concentration level in the vitreous compared to the smaller nanoparticles. Overall, after the final 30 days postinjection period, the average percentage ratio of the nanoparticles is documented : 61.1% (25 nm), 69.1% (50 nm), 78.6% (200nm), and 85.3% (250 nm), which are statistically significant among each other (all *P* \< 0.001, except 25 nm vs 50 nm \[*P* = .004\] and 200 nm vs 250 nm \[*P* = .005\]).

![(A, B) Optical densities of the various-sized nanoparticles in the vitreous after the intravitreal injection. Exponential trendline curves are drawn and the equations and R^2^ values are obtained. (C) The percentage ratio of the various-sized nanoparticle concentrations in the vitreous from 1 hour to 30 days of intravitreal injection. Smaller sizes of nanoparticles (25 nm and 50 nm) show a gradual decrease over time. On the contrary, larger sizes of nanoparticles (200 nm and 250 nm) show a slight decrease in the concentration after 1 day after injection. At 30 days after injection, the final percentage ratio is documented: 61.1% (25 nm), 69.1% (50 nm), 78.6% (200nm), and 85.3% (250 nm).](tvst-9-6-20-f004){#fig4}

[Table 2](#tbl2){ref-type="table"} summarizes the detailed PK parameters of different sizes of nanoparticles in the vitreous humor. The half-life of the nanoparticles are 50.94 days (25 nm red F), 48.78 days (50 nm Fluoresbrite), 66.65 days (200 nm Fluoresbrite), and 78.13 days (250 nm green F).

Discussion {#sec4}
==========

In this study, we analyzed the intraocular distribution and kinetics of antibodies (whole IgG and Fab fragments) and nanoparticles. The results showed that the antibodies spread to the vitreous after 1 hour to 1 day after injection, started to clear after 3 days, and subsequently were not detectable at 25 days after the injection. On the contrary, nondegradable nanoparticles gradually decreased but maintained a relatively stable concentration in the vitreous humor, and elimination via the anterior chamber (aqueous humor) showed an initial increase and then a gradual decrease. Accumulation of nanoparticles in the retinal layer was observed by fluorescence microscopic images and small size 25 nm particles distributed to uveal tissue and suprachoroidal space, which resulted in the increased concentration in the posterior choroid and retina compartments.

In our previous studies,[@bib17]^,^[@bib18]^,^[@bib20]^,^[@bib21] the PK parameters of anti-VEGF agents (bevacizumab, ranibizumab, and aflibercept) were measured in the aqueous humor, vitreous, and retina in a New Zealand white rabbit model. With the animal experiment data, Ahn et al.[@bib17]^,^[@bib18] drew the standard curve for the bevacizumab and ranibizumab and calculated the intravitreal half-life, mean residence time, and clearance rate in the vitreous. From 1 to 3 days after injection, the concentrations showed a sudden decrease and then a gradual decrease until 30 days after injection when the antibodies could no longer be detected. This result coincides with our data in [Figure 1](#fig1){ref-type="fig"}, which illustrates the intraocular distribution of fluorescence-conjugated antibodies. The movement of Fab and IgG into the anterior chamber at day 1 could explain the initial sudden drop and the gradual disappearance of fluorescence inside the vitreous cavity from 3 to 10 days correlates with the gradual drug elimination after 3 days.

In this experiment, [Figure 4](#fig4){ref-type="fig"} and the supplementary data show that the small size 25 nm and 50 nm particles seem to slowly decrease in the vitreous, whereas larger 200 nm and 250 nm particles are relatively stable. An explanation for this phenomenon may be that the elimination pathway system via the anterior chamber and ciliary body is easier for smaller size nanoparticles to pass through. Another explanation could be that the vitreous itself plays a role as a steric hindrance to molecular diffusion due to the rigid form of collagen and glycosaminoglycan.[@bib26]^,^[@bib27] Therefore, smaller nanoparticles migrate and diffuse in the vitreous and eliminate more rapidly than larger nanoparticles.

Our previous investigation suggests that Fc-free VEGF-Trap excretes more posteriorly than the VEGF-Trap molecule; thus, Fc-free antibodies are reported to have a higher preference to posterior distribution and clearance.[@bib22] Therefore, the posterior aggregation of Fab fragments and fast elimination observed in [Figure 1](#fig1){ref-type="fig"} could be explained. In addition, the fluorescence microscopic images of [Figures 3A](#fig3){ref-type="fig"} and [3B](#fig3){ref-type="fig"} show that the nanoparticles attached to the retinal layer of the ILM regardless of particle size (25 nm red F and 250 nm green F). It is observed that the nanoparticles migrated to the posterior part of the ocular space and accumulated on the retinal surface, but did not penetrate the deeper retinal layers. This finding might be due to the structure of the ILM, which is composed of fine meshwork with many 10- to 20-nm nanopores.[@bib28]^,^[@bib29] On the contrary, antibodies have a hydrodynamic radius of 2.5 to 5.0 nm[@bib11]; thus, ILM permeability could be measured and retinal/choroid elimination could happen. However, as shown in [Figures 3C](#fig3){ref-type="fig"}, [3E](#fig3){ref-type="fig"}, and [3G](#fig3){ref-type="fig"}, 25 nm red F nanoparticles pass across the ciliary body and move into the uveal tissue and suprachoroidal space after 21 days after injection, suggesting a somewhat activated posterior elimination pathway that could lead the small nanoparticles into the posterior choroid and retina. The schematic diagram figure of the intravitreal distribution of protein antibodies, small-sized nanoparticles, and large-sized nanoparticles is described in [Figure 5.](#fig5){ref-type="fig"}

![Intravitreal distribution of protein antibodies, small-sized nanoparticles, and large-sized nanoparticles. After the intravitreal injection, antibodies and nanoparticles spread to the anterior and posterior vitreous. Although protein antibodies such as IgG and Fab spread freely and penetrate the retinal layer, small-sized nanoparticles accumulate on the inner retina and were eliminated via two routes: (1) the anterior chamber and the (2) the ciliary body, uveal tissue and suprachoroidal space. Large-sized nanoparticles could not pass through the ciliary body and only accumulate on the inner retinal layer with no penetration.](tvst-9-6-20-f005){#fig5}

In our experiment, we investigated the intraocular distribution and elimination of antibodies and nanoparticles of various sizes. Next, we need to study how to facilitate intraocular drug delivery and manage the sustained release of the drug. Ongoing studies are working on the improvement of intraocular drug delivery by the manipulation of antibodies and nanocarriers.[@bib30]^--^[@bib33] In terms of antibodies, a study by Joo et al.[@bib22] proposed that the mutation of the Fc region could induce longer half-lives in vitreous and retina, contributing to the intraocular drug elimination. As for nanoparticles, surface charge and decoration significantly affect the intraocular distribution and drug delivery. The nanoparticles should be negatively charged (as in our studies) to avoid aggregation and immobilization since the vitreous matrix is anionic owing to collagen and glycosaminoglycan.[@bib34] These polyanionic glycosaminoglycans such as hyaluronic acid and heparan sulfate are suggested as the key molecule for the charge-selective trapping ability of the vitreous humor, which is critical in intraocular diffusion.[@bib35] Nanoparticle-coating techniques have been introduced to facilitate mobility. Recent studies by Martens et al. and Huang et al. suggest that hyaluronic acid--coated nanoparticles show increased efficacy of intraocular delivery with sustained and targeted uptake of nanoparticles by CD44 receptor ligands.[@bib31]^,^[@bib32]^,^[@bib36] Moreover, the concept of retaining the therapeutic agents longer in the vitreous by hyaluronan-binding liposomes and microspheres has helped the vitrectomy surgery by prolonged visualization of the vitreous (US patent 2014/0186350 A1). Another experiment by Huang and Chau,[@bib37] surface charge is crucial in regards to the intraocular distribution and the authors suggested the surface charge around +35 mV is optimal for the penetration of the retina. Therefore, further experiments regarding the specific modification of nanoparticle design with various molecular sizes should be performed to observe the improvement of the delivery system.

In our study, there are some limitations to be considered. First, the study was performed as an animal model with New Zealand rabbit eyes. Thus, the intraocular distribution and kinetics might be different from those in human eyes. Even though the rabbit eye structure is similar to the human eye, the size of each compartment (aqueous humor, vitreous, and retina) and physical barriers (crystalline lens, ILM, and retinal pigment epithelium) are much smaller than the human eye. In addition, the vitreous flow pattern might be dissimilar, which affects the intraocular distribution of molecules. Therefore, the animal model results should be extrapolated to human eyes with caution. Second, at each time point, we humanely killed four rabbits and measured the average optical density and concentration in the right eyes. If we had increased the number of experimental subjects, more accurate data could have been drawn, especially in the nondetectable data in the [Supplementary Tables S3](#tvst-9-6-20_s001){ref-type="supplementary-material"} and [S4](#tvst-9-6-20_s001){ref-type="supplementary-material"} (50 nm and 200 nm nanoparticles). Third, the nanoparticle concentration level measured via fluorescence intensity might have been underestimated the actual number of nanoparticles and this could have caused inaccurate kinetic data. Last, we did not histologically evaluate the trabecular meshwork and did not measure serial intraocular pressure, which might affect the clearance and elimination phase. Further investigations are required to reveal the detailed data and mechanism of intraocular PKs of nanoparticles.

In conclusion, intraocular distribution and kinetics of antibodies and nanoparticles are different according to their molecular characteristics and size. Moreover, the concentration data of nanoparticles is evidence of anterior and posterior elimination pathways after intravitreal injection. The results of this study are essential to demonstrate that large numbers of nanoparticles are retained in the vitreous as compared to the antibodies due to the ILM barrier in the retina. Long-term retention of nanocarriers in the vitreous means prolonged intravitreal half-life and the sustained release of drugs in the intraocular space. Therefore, our results could provide foundational data in the development of newer intraocular drugs and carriers to treat retinal diseases.
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